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Abstract 
 
The term "Metal Matrix Nano-Composites (MMNCs)" broadly refers to a composite 
system that is based on metal or alloy substrate, combined with metallic or non-metallic 
nano-scale reinforcements. The main advantages of MMNCs include excellent 
mechanical performance, feasible to be used at elevated temperatures, good wear 
resistance, low creep rate, etc. In the recent past, MMNCs have been extensively studied, 
especially the method of fabrication as the processing of such composites is quite a 
challenge. Though a variety of processing methods have been explored and studied over 
the years, none have emerged as the optimum-processing route.  The major issue that 
needs to be addressed is the tendency of nano-sized particles to cluster and also the 
challenge as to how to disperse them in the bulk melt.  This work explored the feasibility 
of utilizing Lorentz forces to address both of these critical issues: clustering and 
dispersion.  The work was carried out both theoretically as well as with accompanying 
validation experiments. The results indicate that Lorentz Forces may be viable and should 
be considered in the processing of MMNCs. 
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1. Introduction 
 
Metal Matrix Composites (MMCs) reinforced with ceramic particulates offer significant 
performance advantages over pure metals and alloys. MMCs tailor the best properties of 
the two components, such as ductility and toughness of the matrix and high modulus and 
strength of the reinforcements [1-13]. These prominent properties of these materials 
enable them to be potential for numerous applications such as automotive, aerospace and 
military industries [14-18]. 
MMCs can be divided into three categories: particle reinforced MMCs, short fiber 
reinforced MMCs and continuous fiber reinforced MMCs. Of these three categories, the 
fabrication cost of particulate reinforced MMCs is low [1], which makes it attractive and 
commercially viable to consider for industrial applications. 
Particulate MMCs contain second phase particles ranging from 10 nm up to 500 μm. 
MMCs with a uniform dispersion of particles in the range of 10 nm – 1 μm are termed 
―Metal Matrix Nano-composites‖ (MMNCs). With the size of reinforcement scaling 
down to nano scale; MMNCs exhibit more outstanding properties over MMCs and are 
assumed to overcome the shortcoming of MMCs such as poor ductility, low fracture 
toughness and machinability [19]. It has been reported that with a small fraction of nano-
sized reinforcements, MMNCs could obtain comparable or even far superior mechanical 
properties than MMCs [20-22]. For example, the tensile strength of 1 vol.% Si3N4 
(10nm)-Al composite that is fabricated by powder metallurgy method is comparable to 
that of a 15 vol.% SiC (3.5 μm)-Al composite fabricated by the same technique [23]. The 
yield strength of the nano-metric dispersion composite is much higher than that of the 
micro-metric dispersion reinforced composite. 
Based on the source of the particles used, MMNCs can be divided into in-situ and ex-situ 
composites [12]. Ex-situ methods are usually economically efficient but the particles tend 
to agglomerate due to the poor wettability between the matrix and reinforcement. The 
reinforcements generated in-situ is usually fine and uniformly distributed, however, they 
are not cost-effective.  
Based on the state of matrix in which MMNCs are fabricated, processing routes for 
MMNCs are categorized into two types: solid state processing and liquid state processing. 
Solid state processing is typically a powder metallurgy based process, in which the matrix 
powder and reinforcement particles are mixed together and compacted to form a bulk 
shape. Successful investigations on solid state processing include powder metallurgy [22-
25], high-energy milling [20,21,26,27,28] and severe plastic deformation [11,29-36]. 
Although solid state processing is most frequently used, there are processing issues that 
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are serious impediments [12]; for instance, contamination results from powder 
preparation and complexity of fabrication steps are problematic. Moreover, machining is 
required to obtain the desired final shape. 
Liquid state processing routes include infiltration techniques [37-41], stirring techniques 
[42-48], rapid solidification [49-51], as well as some in-situ fabrication such as liquid-gas 
bubbling [52-55]. Liquid state processing is usually energy-efficient and cost-effective. 
Moreover, products of complex shape can be formed directly through the melt a la near 
net shape manufacturing. However, particle agglomeration is a critical issue that hinders 
adoption of liquid state processing for MMNCs.  
Due to the poor wettability between the metal matrix and ceramic particles, the 
particulates tend to agglomerate in the matrix. External field forces are needed to break 
up the clusters and help disperse the particles into the melt. One successful attempt is the 
introduction of ultrasonic cavitation [44-47]; Prof. Li and his colleagues at University of 
Wisconsin-Madison are pursuing this technique. In the ultrasonic cavitation process, 
transient micro ―hot spot‖ with a temperature of about 5,000 K and a pressure above 
1,000 atm can be formed. The strong heating and cooling rates during the process is 
composed of ―hot spots‖ that can break nano-particle clusters and clean the particle 
surface. The schematic of ultrasonic cavitations-based process is shown in Figure 1. In 
this process, nano-particles are placed on the surface of molten metal; subsequently the 
ultrasonic vibration is executed on the melt for a specified period of time until all the 
particles are distributed in the liquid metal. 
Yang et al. [47] fabricated bulk Al-based nano-composites with nano-sized SiC by the 
ultrasonic cavitation-based casting method. They showed that nano-sized SiC particles 
are dispersed well in the matrix and the yield strength of A356 alloy was improved more 
than 50% with only 2.0 wt% of nano-sized SiC particles. With a 2.0 wt% SiC nano-
particles, an approximately 20% hardness improvement was achieved. 
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Figure 1: Schematic diagram showing the experimental setup of ultrasonic method [19]. 
 
 
Figure 2: Hardness measurements: (A) Aluminum alloy by regular casting, 
 (B) Aluminum alloy by ultrasonic-assisted casting, and 
(C) Aluminum alloy matrix nano-composite by ultrasonic-assisted casting [45]. 
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Figure 3: Tensile stress, yield stress and elongations vs. different wt% particles [47]. 
 
Even though the ultrasonic cavitation process has been shown to be effective, it is 
difficult to utilize this technology for industrial applications in that the volume of castings 
are limited to the power of the ultrasonic source. This is due to the ultrasonic flux density 
that is required, which is limited by the bulk of the melt that is being processed.  
Stirring is a widely used commercial method in fabricating metal matrix composites since 
it is a low cost method, and easy to implement. The basic process is to add second phase 
particles into the melt and disperse them throughout the melt via mechanical stirring. 
However, stirring processes tend to introduce air in the melt, which results in porosity in 
the final product. Moreover, it is difficult to distribute particles with small diameters due 
to the poor wettability between the matrix and the reinforcement. 
Electromagnetic stirring, also called induction stirring/heating, has been shown to be 
effective in modifying the solidification process of metals and alloys. In induction 
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heating, a group of solenoids is placed around the crucible. Alternating current is applied 
in the solenoid, which generates an inductive magnetic field in the metal. The workpiece 
is electrically conductive, so the alternating magnetic field will produce an inductive 
electric field in the workpiece. According to Faraday‘s Law and the Right-hand Rule, 
when alternating current passes through coils surrounding the molten metal, the current 
will produce an electromagnetic force field. The molten metal will flow under the action 
of electromagnetic force as a conductor. The electromagnetic force is considered as 
volume force, called Lorentz Force. 
 
Figure 4: The Right-hand Rule of Electromagnetic Force. 
Electromagnetic stirring has many influences on the solidification of metals, such as 
refining internal structures, reducing porosity and minimizing internal cracks[34]. 
Moreover, since there is no direct contact between the stirrer and the molten alloy, 
electromagnetic stirring not only reduces the porosity but also decrease contamination in 
the composites. 
In the past few decades, many efforts have been made in fabricating metal composites 
using electromagnetic stirring. Gui et al. [48] produced SiC reinforced A356 composites 
using liquid and semisolid double stirring. The average particle size was 10 – 15 μm. 
With an addition of 15 vol. % of SiC, the tensile strength and yield strength were 
improved by 15 % and 40 %, respectively. 
Although electromagnetic stirring has been proven to be efficient in fabricating mirco-
sized metal matrix composites, there is no literature found on the use of this method for 
fabricating nano-composites. The objective of this work is to investigate the feasibility of 
producing aluminum based nano-composites using electromagnetic stirring. 
 
 
6 
 
2. Objectives & Methodology 
 
The objectives for this work are to explore and evaluate the feasibility of fabricating 
aluminum based nano-composites using electromagnetic stirring; specifically, to 
quantitatively describe the mechanism for breaking the agglomeration and the dispersion 
of nano-particles, then to develop a reliable fabrication route for aluminum based nano-
composites. 
This work is carried out in 3 phases:  
i. In phase I, we used Tantalum nano-particles to investigate the possibility of 
breaking nano-particle clustering using Lorentz force. We also measured the 
efficiency of different feeding mechanisms.  
ii. In phase II, we established a theoretical model of the agglomeration of nano-
particles, which was used to calculate the force needed to break nano-particle 
cluster. We also set up a computer aided model to describe the distribution of 
Lorentz forces inside the crucible as well as the flow pattern of the molten metal, 
which provides us with the range of Lorentz forces that we can supply.  
iii. In phase Ⅲ , we validated the model through experiments, fabricated bulk 
aluminum nano-composites, studied the dispersion of reinforced particles through 
characterization and evaluated mechanical properties. 
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3. Experimental Procedures 
 
3.1 Materials Selection 
3.1.1 Matrix Alloy 
The alloy used in this study is A356, which is a widely used aluminum casting alloy. It 
has very good mechanical strength, ductility, hardness, fatigue strength, pressure 
tightness, fluidity, and machinability. This alloy is used in many industrial applications 
such as airframe castings, machine parts, truck chassis parts, aircraft and missile 
components, and structural parts requiring high strength.  
The composition of A 356 alloy is shown in Table 1. 
Si Fe  Cu Mn Mg Zn Ti Al 
6.5-7.5 0.2 0.2 0.1 0.25-0.45 0.1 0.1 Balance 
 
Table 1: Chemical composition of A356 alloy (wt %). 
 
3.1.2 Reinforcement Material 
Silicon Carbide nano-particles purchased from Nanostructure & Amorphous Materials 
Inc. were used as the reinforcement phase in this study.  
To select a suitable reinforcement material for aluminum, important facts such as density, 
wettability and thermal stability were considered [1]. Silicon carbide is a widely used 
reinforcement material because of its good wettability with the aluminum matrix [1,56]. 
However, SiC reacts with molten aluminum at temperatures above 1000 K to form Al4C3, 
releasing silicon into the matrix. Nevertheless, this reaction can be suppressed by high Si 
content. It has been reported that an addition of 7 wt % of Si can significantly suppress 
this reaction at temperatures below 800 ℃[57] .  The Si content in A 356 alloy is around 
6.5-7.5 wt %, which mitigates the formation of SiC nano-particles. 
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Commercial Name Silicon Carbide (Beta) 
Purity 95% 
Average Particle Size 50-60 nm 
Color Grayish White 
Density 3.216 g/cm3 
Morphology Spherical 
 
Table 2: Silicon Carbide nano-particle parameters. 
 
 
Figure 5: Morphology of as-received SiC nano-particles. 
For the trial experiments, the reinforcement used was Tantalum (Ta) nano sized powder 
provided by H.C.Starck Company. Ta is highly corrosion resistant and occurs naturally in 
the mineral tantalite; Ta is part of the refractory metals group. The chemical inertness of 
Ta is an interesting property, but the main use of Ta is in capacitors for the electronic 
industry. 
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Commercial Name High capacitance magnesium reduced 
tantalum powder 
Purity 99.5% 
Average Particle Size 50 nm 
Surface Area 1.3-1.5 m
2
/g 
Density 28 g/inch
3
 
Morphology Spherical 
 
Table 3: Tantalum nano-particle parameters.  
 
 
Figure 6: Morphology of as-received Ta powder. 
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3.2 Experimental Apparatus 
3.2.1 Electromagnetic Stirring Unit 
An induction-heating unit (UNIPOWER 5000W-30KHZ) manufactured by 
INDUCTOHEAT company was used as the power source to melt the Al alloy and 
provide Lorentz forces to stir the second phase particles. 
 
Figure 7: UNIPOWER 5000W-30KHZ power supply. 
 
UNIPOWER 5000W-30KHZ is a useful and capable heating source unit. This heating 
system can convert 50/60 Hz 3 phase input to high frequency single-phase output. The 
output of this UNIPOWER system is coupled through a series tuning capacitor to the 
heating coil and is variable in frequency. Both the voltage applied to the coil and the coil 
power varies as a function of the frequency.  
The crucible used is graphite crucible with dimensions of 8 cm high and 6 cm in diameter. 
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3.2.2 Scanning Electron Microscopy Analysis  
 
Microstructure examinations were carried out using scanning electron microscopy (SEM). 
Specifically, Field Emission Scanning Electron Microscope JEOL JSM-7000F and JEOL 
JSM-7600, which can provide high-resolution performance (up to 3 nm), were used to 
detect the presence of nano-particle in the bulk aluminum sample. Kevex energy 
dispersive x-ray spectroscopy (EDS) system and X-ray mapping were also utilized to 
characterize chemical elements and their distribution. 
 
 
3.2.3 Microhardness Test 
The hardness test has been carried out with a WILSON hardness machine, according to 
the ROCKWELL B scale. The test parameters are shown in Table 4 . 
 
 Penetrator Preload Test Time 
Rockwell B Scale 1 16‖ Ball 200 N 10 s 
Table 4: Hardness Test Parameters. 
3.3 Electromagnetic Stirring and Sample Preparation Procedures 
Electromagnetic stirring process has many parameters such as stirring temperature, 
output frequency, stirring time etc. In this study, the frequency was set at 60 Hz to ensure 
high power density as well as good penetration depth. The aluminum melt was stirred for 
60 min to ensure complete mixing and dispersion of nano-particles. Temperature was 
controlled between 750 ℃ and 800 ℃ to obtain good fluidity as well as to prevent SiC 
particles from reacting with the molten aluminum; 2 wt % nano-particles were added as 
the second phase. After the stirring process, the molten alloy was solidified inside the 
crucible. 
In phase Ⅰ, different feeding mechanisms were employed and investigated, as listed 
below. 
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Feeding Mechanism Description 
 
A. Regular Feeding 
 
Adding particles after the aluminum matrix melts. 
 
 
 
B. Two Step Feeding 
First melt the metal and add particles into the melt, then 
put another piece of aluminum alloy to the crucible and 
melt. 
 
 
C. Capsulate Feeding 
Wrap the particles using aluminum foil (making 
capsules), adding these capsules to the molten 
aluminum alloy. 
 
 
D. Pre-melt Feeding 
 
Put particles in the crucible along with the bulk 
aluminum alloy, then melt the matrix. 
 
 
E. Double layer 
Feeding 
Cut aluminum alloy into small pieces, put these pieces 
to the bottom of the crucible. Then put particles on top 
of this layer, put other pieces of cut aluminum segments 
on top of the particles. 
Table 5: Description of Feeding Mechanisms. 
The specimens have been cut and mounted in EXTEC green phenolic powder using the 
EXTEC MPress mounting machine. These were manually polished according to the 
following procedures:  
 
1. Grind with SiC abrasive papers with grid dimensions ranging from 120 μm to 
1.2 μm. 
Grinding machine: BUEHLER Metaserv 2000 grinder-polisher. 
2. Polish with three cloths using de-agglomerated α -alumina powder from 
BUEHLER with dimensions of 1 μm, 0.3 μm, 0.05 μm. 
Polishing machine: Century E-plus grinder-polisher. 
3. Final polish with velvet cloth using colloidal silica suspension from BUEHLER to 
attain mirror surface. 
4. Clean the specimens with ultrasonic cleaner machine from BUEHLER to remove 
the traces of colloidal silica which tend to stick on the sample surface. 
 
A 356 alloy, which was fabricated using electromagnetic stirring but without nano-
particles, and pure A 356 without any treatment, were also mounted and polished 
following the same steps for comparison.  
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4. Results & Discussion 
 
4.1 Phase Ⅰ 
4.1.1 Feeding Mechanism 
Due to the high surface-volume ratio and the surface tension, it is challenging to 
introduce nano-sized particles into the melt [46]. Several feeding methods were employed. 
The first attempt was to add particles after the A 356 alloy was melted, which is called 
regular feeding. In this experiment, 198 g of A 356 alloy was placed in the crucible. After 
about 15 minutes of heating, the whole piece of aluminum was melted and 2 wt % Ta 
nano-particles were manually added into the crucible. However, the particles tend to stay 
on the surface of the melt (Figure 8). Mechanical stirring was introduced to help 
dispersing the particles, but little improvement was observed. After 30 minutes of stirring, 
the aluminum bulk was solidified in the crucible and the remaining particles (on the top 
of the bulk aluminum) were collected and weighted. 
The second attempt was to follow a two-step feeding method; here we follow the process 
of regular feeding, however, another piece of A 356 is emplaced in the crucible to 
improve the engulfment of the nano-particles. However, after sufficient time of stirring 
and solidification, the cluster of nano-particles was still observed on the outside surface 
of the solidified bulk. 
 
Figure 8: Cluster of Nano-particles during electromagnetic stirring. 
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Capsulate feeding was follwed next, which is to wrap the nano-particles with aluminum 
foils (making capsules), and insert these capsules to the crucible after the alloy was 
melted. However, this method is still not quite effective in that many of these capsules 
stay on the surface of the melt and external force is needed to force these capsules to get 
them to mix into the melt. 
The fourth method was to insert the nano-particles together with A 356 alloy into the 
crucible, and heat them up together. This method improved the efficiency even though 
some particles drop to the bottom of the crucible before melting. Large pores filled with 
nano-particles were observed after the sample was cut and mounted, as shown in Figure 9. 
 
Figure 9:  Remaining nano-particles after electromagnetic processing.  
The fifth method was a modified pre-melt feeding method. In this attempt, the A 356 
alloy was cut into small pieces and put into the crucible to form a bottom layer of matrix. 
Then 2 wt% nano-particles were carefully placed on top of this layer mitigating the drop 
of particles to the bottom of the crucible. After that, other pieces of matrix alloy were 
placed above the particles to ensure engulfment of the particles in the bulk. The whole 
15 
 
crucible was then heated and electromagnetically stirred. This method worked quite well 
in that very few particles settled at the bottom after the sample solidified. 
The efficiency of different feeding mechanisms was measured and investigated, as listed 
in Table 6. The weight of Ta particles added into the melt and the remaining Ta powder 
were measured and recorded.  
Feeding Efficiency = 
Weight  of  Ta  added  – Weight  of  remaining  Ta
Weight  of  Ta  added
 
 
Feeding Mechanism 
 
 
Weight of A 
356 Alloy 
(gram) 
 
Weight of Ta 
added (gram) 
 
Remaining Ta 
(gram) 
 
Feeding 
Efficiency 
 
A. Regular 
Feeding 
 
 
198 
 
3.82 
 
3.12 
 
18 % 
 
B. Two Steps 
Feeding 
 
 
240 
 
4.08 
 
2.65 
 
35 % 
 
C. Capsulate 
Feeding 
 
 
172 
 
4.30 
 
1.89 
 
56 % 
 
D. Pre-melt 
Feeding 
 
 
231 
 
5.78 
 
1.85 
 
68 % 
 
E. Double layer 
      Feeding 
 
210 
 
 
 
5.46 
 
0.98 
 
82 % 
 
Table 6: Feeding Mechanism Summary. 
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From the list above, it is obvious that the most efficient feeding mechanism is the double 
layer feeding method. This method was then applied to all experiments that followed. 
 
4.1.2 Nano-particle Dispersion  
Some scoping experiments were conducted to investigate the possibility of breaking 
agglomeration of nano-particles and dispersing them in the aluminum matrix.  
A 356 alloy was selected as the matrix, 2 wt% Ta nano-particles (with average diameter 
of 50 nm) were added into the melt as reinforcement. The feeding mechanism utilized 
was double layer feeding. The melt was kept at temperatures between 750 ℃ and 800 ℃ 
and stirred for 30 minutes. The MMNCs was let to solidify in the crucible. For 
microstructural study, the as-cast sample was mounted and polished. Scanning Electron 
Microscopy images were obtained. 
Figure 10 is the SEM image of as-cast MMNCs. Nano-sized Ta particles (2.0 wt.%) were 
well dispersed in the A356 matrix, although some small clusters remain in the 
microstructure. Minor scratches/cracks due to polishing are displayed. Higher 
magnification reveals that single particle was well distributed in the matrix. 
 
(a) 
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(b) 
 
(c) 
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(d) 
Figure 10: Dispersion of nano Ta particles in aluminum matrix. 
(a) x2,500  (b) x5,000 (c) x10,000 (d) x20,000 
 
4.2 Phase Ⅱ 
From the preliminary results of Phase Ⅰ, we can see that electromagnetic stirring is an 
effective way to break the cluster of nano-particles, and the nano-sized Ta particles are 
dispersed well in the matrix. The main objective of phase Ⅱis to theoretically explore the 
feasibility of breaking nano-sized SiC particles using Lorentz forces. Specifically, to 
calculate how much force is needed to break the cluster of SiC nano-particles, and 
whether induction furnaces can provide the needed force and can commercially be 
utilized for the production of nano-composites. 
 
4.2.1 Theoretical Model 
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To calculate the total attractive force of nano-particles, we employed a simplified model 
[57]:  two nano-particles entrapped inside the aluminum melt were considered, as shown 
in Fig 11. 
 
Figure11: Model for the agglomeration of SiC nano-particles. 
There are two forces that hold the two particles in the melt: (i) Van der Waals force,  and 
(ii) capillary force applied by the melt surface tension. These two forces are independent 
and vary with the distance between these two particles. The maxima of these two forces 
are calculated separately and then added together to get the force needed to break-up 
particle agglomeration. 
To calculate the Van der Waals force, the Lennard-Jones potential model was employed. 
The Lennard-Jones potential is a mathematically simple model that describes the 
interaction between a pair of neutral atoms or molecules. The expression of Lennard-
Jones potential is  
12 6( ) 4 ( ) ( )V r
r r
 

 
  
 
                                                                                   Eq. (1) 
where ε is the depth of the potential well, ζ is the (finite) distance at which the inter-
particle potential is zero, and r is the distance between the particles. 
The potential energy of the two particles is obtained vs. the distance between them, and 
the derivative of the potential is calculated to obtain the force between these two particles. 
1 2
2
1 2( )
V V
Potential dV qVrdV                                                                                 Eq. (2) 
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Where dV1 and dV2 are the infinitesimal volume elements in the particles of volume V1 
and V2, respectively. As shown in Fig. 12, r is the distance between the volume elements 
dV1 and dV2, q is the molecule density and V(r) is the Lennard-Jones potential model. 
 
Figure 12: Schematic representation of the interaction force between two particles. 
Equation 1 was numerically integrated and the Van der Waals force was calculated as the 
derivative of potential and plotted, as shown in Fig 13, where attractive forces are 
denoted as positive values and the repulsive forces shown as negative values. As the 
radius of the nano-particles varies from 1 nm to 100 nm, the force increased.  For the SiC 
nano-particles with a diameter of 50 nm, the maximum Van der Waals force is 
approximately 70 nN. 
 
Figure 13: Van der Waals force vs. distance between SiC nano-particles. 
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To calculate the capillary force, we consider one particle ―sitting‖ on top of the aluminum 
melt layer. Due to the poor wettability between the SiC particles and aluminum matrix, 
the nano-particle/melt system should be considered as hydrophobic, which means the 
force generated by the melt surface tends to push the particles out of the melt. This force 
is given by: 
2 ( sin ) sin[ ( )] 2 ( sin ) sin( )C C C C CF R a R                              
Eq. (3) 
Where γ is the surface tension coefficient, θC is the filling angle, and α is the contact 
angle. The maximum capillary force is calculated to be approximately 25 nN according to 
this equation. 
Therefore, for SiC nano-particles with a diameter of 50 nm, the maximum total attractive 
force is about 95 nN. 
 
4.2.2 Comsol Modeling 
The calculated Maximum attractive force is also the minimum force needed to break the 
agglomeration of nano-particles. The next step is to find out whether or not we can 
provide this force using induction furnaces. To achieve this, we established a model 
describing the distribution of Lorentz forces as well as the flow pattern of molten 
aluminum using Comsol software [58].  
(A) Formulation of the Problem 
A numerical model of induction stirring is developed. First, the physical and electrical 
environment is established, and the electromagnetic parameters, such as magnetic flux 
density, induced current density and Lorentz forces, are calculated. Then, the result of the 
distribution of Lorentz forces is used as the source term of compressible Navier-Stokes 
model, and thus the velocity field and fluid flow are obtained.  
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Module Name Governing Equations for 
Module 
Output of the Model 
AC/DC Module Maxwell‘s equations Induced current, and 
electromagnetic force field 
Fluid Dynamics Module Navier-Stokes equations Velocity field; 
Table 7: Coupling of Comsol Modules. 
(B) Geometrical Set-up 
To simplify the problem, the 3D problem was converted to 2D. In addition, it should be 
noted that the crucible is centro-symmetrical, and thus axi-symmetric geometry was 
employed. 
 
Figure 14: Axi-Symmetric geometry in COMSOL model. 
The geometry consists of three different sub-domains. The five circular sub-domains 
represent the induction coils while the small rectangle represents the crucible. The bigger 
rectangle, which surrounds the coil domain and crucible domain, represents the air 
between the coils and the crucible. 
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(C) Boundary Conditions 
For the electromagnetic quasi-static module, all the three domains were set to be active; 
the boundary conditions were set to be magnetic insulation at the boundary of the air 
domain. For the Navier-stokes module only the metal domain was set to be active. The 
boundary conditions were set such that there is no-slip.  
Mesh Setting 
The initialized mesh consists of 3747 mesh elements and 7940 of degrees of freedom. 
After that a mesh refinement was applied to the metal domain in order to get better 
resolution of the electromagnetic forces and velocity field inside the metal. Figure 15 
shows the finalized mesh obtained for the whole domain.  
 
Figure 15: Finalized mesh in the whole domain. 
 
(D) Constants and Sub-domain Setting 
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Figure 16: Constants Settings. 
The electrical conductivity of A 356 and current density in the coil were set as constants 
for AC/DC module and physical parameters of A 356, such as density and viscosity, were 
set for Fluid Dynamics Module. The electrical conductivity was set to be zero for the air 
sub-domain.  
(E) Solver Setting 
First the solution was obtained for the electromagnetic quasi-static module with the use 
of time-harmonic, direct linear solver. In this way the force fields were calculated and 
these force fields were used as source terms to solve incompressible Navier-stokes 
equation with K-ε turbulence modeling, where time-harmonic, non-linear iterative solver 
was used. 
(F)  Modeling Results 
The distribution of Lorentz force under current of 10 A, 20 A and 30 A was obtained, as 
shown in Figure 17. These stimulations were conducted under the same frequency, 60 Hz. 
Lorentz force distribution under different frequency was also obtained, as shown in 
Figure 18. The current was set for 10 A as a constant. 
It is obvious that with the increase of current and frequency, the values of Lorentz force 
in the crucible also increase. Therefore, to obtain high electromagnetic stirring force, high 
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current and high frequency should be used. However, with increasing frequency, the 
distribution of Lorentz forces will be confined in a very small layer near the surface of 
the crucible, which is part of the skin effect. The skin effect is numerically presented by 
skin depth δ, which is defined as the depth below the surface of the conductor at which 
the current density decreases to 1/e of the current density at the surface.  
2
2 f


 

                                                                                                                Eq. (4) 
 f represents frequency; according to the definition, δ decreases with frequency increase. 
To achieve high Lorentz forces as well as good penetration depth of the stirring force, we 
set the frequency to 60 Hz. 
 
Figure 17: Lorentz Force Distribution vs. Current. 
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Figure 18: Lorentz Force Distribution vs. Frequency. 
Since the current limit of the induction furnace is 9.3 A, we applied the current in the 
model and obtained the dispersion of Lorentz forces, as shown in Figure 19.  
Form the distribution pattern we can see that the maximum Lorentz force appears at the 
center of the crucible surface, which is about 0.18 N, while the minimum is located at the 
bottom center of the crucible, which is about 0.002 N. 
The minimum Lorentz force we generate in the crucible at 0.002 N is much greater than 
the force that we need to break the cluster of nano-particles, which is 95 nN. Therefore, it 
is theoretically possible to break nano-particle agglomeration using Lorentz forces. 
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Figure 19: Lorentz Force Distribution in the UNIPOWER 5000W-30KHZ induction unit. 
 
4.3 Phase Ⅲ 
The results of phase Ⅰand phase Ⅱ clearly indicate that it is theoretically feasible to 
break-up nano-particle agglomerates using Lorentz forces. The objective of phase Ⅲ is to 
validate the theory and the model, and to have samples for mechanical property 
evaluation. 
In phase Ⅲ, A 356 nano-composites reinforced with 2 wt % SiC (50 nm) were fabricated. 
The melt was stirred for one hour to achieve complete mixing and temperature of the 
melt was controlled between 750 ℃ and 800 ℃. 2 wt % Mg was also added to increase 
the wettability between SiC and A356 alloy [56].  
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A 356 alloy, which was fabricated using electromagnetic stirring but without nano-
particles, and pure A 356 sample without any treatment, were also mounted and polished 
following the same procedures for the control experiment.  
 
4.3.1 SEM Image 
 
Figure 20: SEM image of as-cast A 356 alloy with 2 wt% SiC. 
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Figure 21: SEM image of as-cast A 356 alloy with 0 wt% SiC. 
Cast samples after one hour of electromagnetic stirring were examined by SEM, as 
shown in Figure 20. Nano-sized SiC particles were well dispersed in the A 356 matrix, 
although some small clusters remained in the microstructure.  
For comparison, A 356 alloy cast with 0 wt% of SiC was electromagnetic stirred and cast, 
as shown in Figure 21; a clean surface was observed in the microstructure. Compared 
with Figure 20, it is believed that induction furnace provided strong electromagnetic 
stirring force and the force was sufficient to break nano-particle clusters. 
Higher magnification SEM images of as cast nano-composites were also obtained, as 
shown in Figure 22. SiC nano-particles are well distributed in the aluminum matrix. The 
bright white spheres are SiC particles, which were on the surface, while the smaller 
circular spheres are  SiC nano-particles beneath the surface.  
Figure 22(c) shows the morphology of a single SiC nano-particle. It can be seen that SiC 
nano-particle is spherical with a diameter of approximately 60 nm. 
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(a) 
 
(b) 
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(c) 
Figure 22: Higher magnification of as cast nano-composites  
(a) x10,000 (b) x20,000 (c) x40,000. 
 
 
4.3.2 EDS Analysis 
In order to verify the composition of the nano-composite, EDS analysis was used. Figure 
23 is the spectrum of nano-composites. Aluminum, silicon and carbon were detected in 
the analysis. It seems that the process was protected quite well since no oxygen was 
detected. The weight percentage of Carbon is about 3.14%, which is acceptable and 
consistent with the weight percentage of SiC (2 wt %). 
Since the average size of the nano-particles is less than 60 nm, it is very difficult to use 
EDS spot analysis on a single particle due to the limitation of the e-beam resolution in 
this instrument. Therefore, mapping scanning was employed. Figure 24 shows the 
distribution of the elements aluminum (Al), carbon (C), and silicon (Si), respectively. The 
results show that C is distributed uniformly, which probably indicates a good dispersion 
of SiC nano-particles in the matrix.  
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Figure 23: EDS spectrum of nano-composite. 
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Figure 24: Element distribution of nano-composites from EDS mapping. 
For comparison, the EDS spectrum and mapping of pure A 356 alloy without any 
treatment were also obtained, as shown in Figures 25and 26. 
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From EDS analysis, we can see that the element detected in pure A 356 is aluminum and 
silicon, which is consistent with the composition of A 356. From the mapping of Si 
element, there are some concentrations from the eutectic Si of the alloy. 
 
 
 
Figure 25: EDS spectrum of pure A 356. 
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Figure 26: Element distribution of pure A 356 from EDS mapping. 
 
4.3.3 Microhardness Test 
Due to the limit of the volume of the crucible, only a small amount of nano-composite 
could be fabricated (less than 300 gram). It is difficult to evaluate tensile properties of the 
sample; therefore, microhardness test was utilized to obtain mechanical poperty data.  
The microhardness of nano-composites, A 356 alloy with electromagnetic stirring and 
pure A 356 alloy without any treatment were obtained. For each sample, at least 50 
measurements were taken. The load was set at 200 N and the time was set at 10 s.  
Figure 27 shows the hardness measurements of samples under different conditions or 
compositions. The hardness of pure A 356, A 356 alloy with electromagnetic stirring and 
aluminum nano-composites by electromagnetic stirring are 65.01, 70.94 and 79.38, 
respectively. With a 2 wt% SiC nano-particles, an approximate 22% improvement was 
achieved.  
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Figure 27: Microhardness Measurement 
(a) pure A 356 (b) A 356 under electromagnetic stirring  
(c) Aluminum nano-composits under electromagnetic stirring. 
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5. Conclusions 
Through this work we have validated that the electromagnetic stirring assisted casting 
method is an effective method in fabricating aluminum based nano-composites. The 
Lorentz forces generated by induction are capable of breaking the agglomeration of nano-
particles and dispersing them in the aluminum melt/matrix. 
The following salient conclusions can be drawn from this work: 
1. Different feeding methods of adding nano-particles into the aluminum melt were 
investigated, the most effective way of introducing nano-sized second phase 
particles into the aluminum melt is the double-layer method.   
 
2. Scoping experiments show that clusters of Tantalum nano-particles were broken-
up and a good dispersion was obtained using Lorentz Forces. 
 
3. A mathematical model was established, the minimum force needed to break nano-
particle agglomeration was calculated to be 95 nN.  
 
4. Comsol software was used to establish a model to describe the Lorentz force 
distribution in the crucible. The minimum force generated using UNIPOWER 
5000W-30KHZ induction heating unit is 0.002 N, which is larger than the force 
needed. Thus commercially available induction furnaces can be used 
commercially for the purpose of making MMNCs. 
 
5. SiC reinforced A356 nano-composites were fabricated using electromagnetic  
stirring. The particles were well distributed in the matrix. 
 
6. Microhardness tests were carried out. It is shown that with a 2 wt% SiC nano-
particles, a 22 % hardness improvement was achieved.   
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6. Suggestions for Future Work 
 
1. Investigate the scalability of the fabrication process.  
 
2. Evaluate mechanical properties of nano-composites specially tensile properties 
and fracture toughness. 
 
3. Optimize the fabrication process, investigate the influence of different weight 
percentages of reinforcement on the properties of the nano-composites produced. 
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Manufacture of Metal Matrix Nano-Composites 
 - A Critical Review 
 
1. Introduction  
The global economy has been exerting an increasing demand for novel processes, new 
products and innovative technologies to resolve sustainability issues. For the automobile 
industry, the issues that are attracting more and more attention are gas saving, CO2 
emission and recycling. One approach to solve the gas and emission issue is to reduce the 
weight of the vehicle without decreasing material performances [1-3].  
Metal Matrix Composites (MMCs) reinforced with ceramic particulate offer significant 
performance advantages over pure metals and alloys. MMCs tailor the best properties of 
the two components, such as ductility and toughness of the matrix and high modulus and 
strength of the reinforcements [4-16]. These prominent properties of these materials 
enable them to be potential for numerous applications such as automotive, aerospace and 
military industries [17-20]. 
MMCs can be divided into three categories: particle reinforced MMCs, short fiber 
reinforced MMCs and continuous fiber reinforced MMCs. Compared to other two types 
of reinforcements, the fabrication cost of particulate is low[4], which makes it more 
economical in many applications. 
The compelling need for vehicles with low fuel consumption is pushing the automotive 
industry to turn to composites as an engineering pathway for a sustainable future. An 
almost 70% increase of metal matrix composites is estimated to take place in the use of 
Al in vehicles from 2004 to 2013, as shown in Figure 1. Though metal matrix composites 
offer many advantages, they do have shortcomings such as low fracture toughness and 
machinability. 
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Figure 1: Global outlook of metal-matrix composites by application segment (2004-2013). 
 
Orowan strengthening theory could explain the strengthening mechanism of metal matrix 
composites [21]. The mechanism is shown schematically in Figure 2 below. According to 
this mechanism the yield stress is determined by the stress required for a dislocation line 
to pass by the two particles shown. The dislocation line is bowed around the two particles 
as the applied stress is increased until the dislocation line reaches a critical curvature 
stage 2. When this critical curvature is reached the dislocation line can then move 
forward without increasing its curvature (stage 3). The segments of dislocation line on 
either side of each particle then join, and a dislocation loop is left around each particle. 
As each dislocation line moves past a particle the dislocation cell structure around the 
particle builds up. Hansen [16] investigated that it is this phenomenon that results in 
dispersion hardened metals having a high rate of strain hardening. 
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Figure 2. Orowan Strengthening Theory [16]. 
 
In many systems Orowan strengthening is not the only mechanism at play; other 
mechanism such as Hall-Petch strengthening due to grain size and solute strengthening 
(in alloyed aluminum) also contribute to the strength of the resulting MMC. Based on the 
studies of strengthening mechanism, metal matrix composites reinforced with micro-
sized particles have been well investigated and applied in many fields.  
By scaling down the particle size from micro-meter to nano-meter, better material 
properties could be obtained [22]. It has been reported that with a small fraction of nano-
sized reinforcements, nano-size dispersion composite could obtain comparable or even 
far superior mechanical properties than those of micro-metric dispersion strengthened 
MMCs [23-25]. For example, the tensile strength of 1 vol% Si3N4(10nm)-Al composite 
which is fabricated by powder metallurgy method, is comparable to that of a 15 vol% 
SiCp(3.5 μm)-Al composite fabricated by the same technique[26]. The yield strength of 
the nano-metric dispersion composite is much higher than that of the micro-metric 
dispersion reinforced composite. 
 
2. Fabrication Routes 
Based on the matrix phase in which the fabrication is being conducted, the methods used 
in fabrication MMNCs can be divided into 2 categories: solid state process and liquid 
state process. The processing routes are discussed below. 
2.1 Solid State Processing 
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2.1.1 Powder Metallurgy [25-29] 
Among the numerous solid state nano-composites fabrication processes, powder 
metallurgy (PM) is one quite diverse manufacturing approach, which means that various 
kinds of powder technology can be used in this process [15].  
The basic process of powder metallurgy consists of three major stages. First, the primary 
material is physically powdered into many small individual particles. Next, the powder is 
injected into a mold or passed through a die to produce a weakly cohesive structure close 
to the dimensions of the object ultimately to be manufactured. Finally, the product is 
formed by applying pressure, high temperature, long setting times, or any combination 
thereof.  
The basic process is to first manufacture nano-scale particles, and then mix the ceramic 
reinforcements with metal matrix powders. After that, hot isometric pressing, extrusion or 
sintering were introduced into the process to ensure the consolidation of powder into a 
bulk shape.  
Y.C. Kang et al. manufactured nano-metric Al2O3 particle reinforced aluminum using 
powder metallurgy[25]. The starting Al2O3 mean particle size in this study was 50 nm 
and the starting matrix material was commercial pure aluminum powder with average 
size of about 28 μm. The powder metallurgy process involved wet mixing (aluminum 
powder mixed with varying volume fraction of Al2O3 powder in a pure ethanol slurry), 
following by drying at 150 ℃ then cold isostatic pressing (CIP, as opposed to HIP) to 
compact the powders. The compacted powders were sintered in a vacuum at 620 ℃ 
(approximatively 60 ℃ below the melting temperature of aluminum). They fabricated 
aluminum composite with different volume fraction of nano-sized reinforcement, to 
investigate the effect of reinforcements on hardness and tensile behaviors. The results 
showed that with the addition of a small amount (1 vol. %) of nano-particulate in the Al, 
the hardness of the metal was comparable to that of a 10 vol. % SiCp (13 μm)/Al. The 
result of tensile tests also revealed that a small amount of nano-sized reinforcement can 
significantly increase the strength of the composite, and the strengths of composites 
increased with the volume fraction of particulate. However, once the volume fraction of 
the nano-particulates in the composites exceeded 4%, the strength and hardness of 
composites did not increase. They explained this phenomenon as that the major strength 
mechanism was the Orowan strengthening by these particulates, When nano-particle 
content in the composites exceeded 4 vol.%, the agglomerations reduce the amount of 
‗effective‘ nano-particulates available, and the particle strengthening effect diminishes. 
Z. Y. Ma et al. [26] fabricated nano-metric Si3N4 particulate-reinforced aluminum 
composites by conventional powder metallurgy and studied the mechanical properties of 
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the product. The process involved mixing of the Si3N4 particles (average size 15 nm) and 
aluminum powders (average size 20 μm), hot pressing in vacuum at 600 ℃ and hot 
extrusion at 420 ℃  at an extrusion ratio of 20:1. Pure aluminum sample was also 
fabricated under the same processing condition for comparison. The results also showed 
that the 1 vol. % Si3N4/Al nano-composite exhibits a tensile strength of 180.0 MPa and a 
yield strength of 143.7 MPa, which are much higher than those of the monolithic 
aluminum. 
Peng et al. [27] produced 2 to 35 volume percent of Al2O3 reinforced aluminum matrix 
nano-composites using a creative method. Instead of adding nano Al2O3 particles in a 
direct step of the metal matrix, they used aluminum powder with nano-scale surface as 
the initial material. The volume percent of Al2O3 is determined by the particle size 
distribution and the thickness of the Al2O3 layer. The Al2O3 surface layers or shells are 
broken up and are uniformly distributed throughout the nano-composite after the powder 
consolidation into billet and the hot and/or cold metal working of the billet.  
A good distribution has been achieved, although the process does not allow a satisfactory 
control of the phase of layers break-up and spreading. Moreover, the effectiveness and 
the scalability of the method have not been proved yet. 
 
Figure 3: Schematic of Powder Metallurgy Process. 
 
 
2.1.2 High Energy Ball Milling [23,24,30-32] 
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In the late 1960s, Benjamin et al. first fabricated oxide-dispersed alloy (ODS) using high 
energy ball milling. The working principal of high energy ball milling is to utilize the 
rotation and vibration of ball milling machine, creating strong impact between the 
grinding media and raw materials, breaking up the raw materials into nano-scale and 
mixing them. By controlling the grinding variables, pure element, alloy or nano-
composite powder could be generated. By combining this technique with hot extrusion or 
hot isostatic pressing, bulk nano-materials could be made. High energy ball milling has 
shown advantages such as cost effectiveness, high productivity and ease of fabrication, 
and is capable of producing nano-particles or nano-composites of high melting 
temperature metal or alloy, which could not be obtained by conventional methods. 
However, high energy ball milling also presents disadvantages such as high energy 
consumption and inclusion. Moreover, it is difficult to obtain fine particles with uniform 
diameter, which degrades the properties of final product.  
Sherif et al. [30] combined high energy ball milling with plasma activated sintering 
method [33] and fabricated SiCp/Al nano-composites, in which the volume fraction of 
SiC was selected between 2% to 10%. They mixed the pure elemental powder of Al 
(99.99%, 10 mm) and SiC (99.9%, 100 mm) in high energy planetary ball mill at a 
rotation speed of 3.3 s-1 and milled for 86 ks. Then the as mixed powders were 
consolidated into compact in vacuum at 823 K, with a pressure of 19.6–38.2 MPa for 0.3 
ks, using a plasma activated sintering method. The final product showed excellent 
morphological properties such as homogeneous shape (spherical-like morphology) with 
fine and smooth surface, relief, and uniform size (less than 0.5 mm in diameter). The 
internal structure of the fabricated composite powders consists of a fine cell-like structure 
of SiC (about 5 nm in diameter) embedded in the refined matrix of Al. The mechanic 
property tests have shown that with the increase of SiC content, the Vickers hardness also 
increases with a maximum value of 2.6 GPa, which is far greater than Vickers hardness 
of pure aluminum (0.95 GPa). Young‘s modulus also increases with increasing SiC 
content.  
Michael et al. [23,24,32] investigated the synthesis and characterization of nano-
structured WC-12 pct Co coating using mechanical milling and high velocity oxygen fuel 
(HVOF) thermal spraying. They immersed commercially sintered WC-12 pct Co powder 
in Hexane and mechanically milled at a rate 180 rpm for 20 hours. A specific 
solubilizing-annealing-crushing procedure was conducted to agglomerate the as milled 
powder from 10 μm to 40 μm due to that the thermal spray processes typically require 
powder sizes within the range of 10 μm to 50 μm. Then the agglomerated nano-
structured WC-12 pct Co powder was brought into the rear of the spray gun by nitrogen, 
heated by an airflow mixed with oxygen and fuel gas with velocity of 1830 m/s and 
temperature around 2700 K, and finally sprayed out onto a stainless steel substrate. They 
fabricated Cr3C2-25(Ni20Cr) coating using the same fabrication technique as well. 
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Microstructure analysis and microhardness test were conducted for both of the two 
coatings. The results showed that the nano-structured WC-12 pct Co coatings synthesized 
consist of an amorphous matrix and carbide particles with an average diameter of 35 nm 
and the average microhardness of WC-12% Co is as high as 1135 HV and a higher 
resistance to indentation cracking than that of its conventional counterpart. 
 
 
2.1.3 Severe Plastic Deformation [34-42] 
Severe Plastic Deformation (SPD) is a recently invented and developed method to 
fabricate nano-structured materials and has attracted growing interest in the field of 
materials science [35]. It is known that heavy deformation can result in remarkable 
refinement of microstructure at low temperature[14,34,39,40]. SPD is basically a method 
which imposes very large strains on the specimen or workpiece at low temperature 
(usually less than 0.4 Tm), producing high densities of crystal lattice defects (particularly 
dislocations), therefore refines the dimensions of materials into sub-micro or even nano 
scale. Compared with other solid-state fabrication routes, the most significant advantage 
of SPD results in overcoming a number of difficulties connected with residual porosity in 
compacted samples, impurities from ball milling, processing of large scale billets and 
practical application of the given materials[14]. 
The typical fabrication routes for SPD can be divided into 2 categories [14]: severe 
plastic torsional straining (SPTS) under high pressure and equal channel angular pressing 
(ECAP). 
High-pressure torsion refers to processing in which the sample, generally in the form of a 
thin disk, is subjected to torsional straining under a high hydrostatic pressure[42]. The 
principle of SPTS is illustrated schematically in Figure 1 
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Figure 4: Principle of SPTS [42]. 
 
The disk is located in a cavity, a hydrostatic pressure is applied, and plastic torsional 
straining is achieved by rotation of one of the anvils. In order to achieve pressures higher 
than 2 GPa, it is generally preferable to use a modified geometry with the cavities placed 
in each of the anvils. 
The process of equal channel angular pressing (ECAP) is illustrated in figure 2. A rod-
shaped billet is pressed through a die constrained within a channel which is bent at an 
abrupt angle. A shear strain is introduced when the billet passes through the point of 
intersection of the cross-sectional dimensions of the billet remain unchanged, the 
pressings may be repeated to attain exceptionally high strains. 
 
Figure 5: Principle of ECAP [42]. 
 
The first attempt to fabricate nano-structured material using SPD method was done by 
Valiev and his co-workers in the 1980s[43,44]. A sharp increase of different explorations 
of this subject was published in recent years. 
Alexandrov et al. [41] processed and obtained Cu-5vol pct SiO2, and Al-5 vol pct Al2O3 
ultrafine-grained materials by SPTS consolidation of micrometer-sized Cu and Al 
powders and nanometer-sized SiO2 and Al2O3 powders. They precompacted 
commercially synthesized micrometer-sized metallic powders and nanometer-sized 
ceramic particles in a die using a pressure of 0.6 GPa under a vacuum of 10-3 mm Hg at 
T=200 ℃, then they imposed SPTS process of the precompacts under a pressure of 1.5 
and 6 GPa at room temperature. The powder mixtures for nano-composite samples were 
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ball-milled for 30 minutes before precompaction to ensure a uniform distribution of 
ceramic particles. The plunger was rotated for 5 revolutions during SPTS process. The 
microstructure and properties were investigated by TEM, XRD, microhardness and 
electrical resistivity measurements, and mechanical tests. The TEM micrograph showed 
the formation of ultrafine-grained structures in Cu and Cu-SiO2 samples SPTS 
consolidated under both 1.5 and 6 GPa. Increasing of pressure from 1.5 to 6 GPa resulted 
in a decrease of the average grain size from 150 to 60 nm. However, the grain-size 
change in the Al and Al-Al2O3 samples with increasing applied pressure during the 
SPTS consolidation was contrary to the Cu and Cu-SiO2: an increase in pressure from 
1.5 to 6 GPa leads to a increase of the average grain size from 120 to 200 nm. Mechanical 
properties tests revealed that the microhardness of SiO2/Cu under 6 GPa, which is 2800 
MPa, is 56 % greater than the microhardness of sample obtained under 1.5 GPa. 
Superplastic-like behavior was observed in ultrafine-grained Al-Al2O3 samples during 
their tensile tests at 400 ℃. 
Stolyarov et al. [45] fabricated nanocrystalline Ti and Ti–TiO2 nano-composites by SPTS 
and investigated the effect of processing temperature and pressure on material density 
and microhardness. They precompacted the titanium powder with an average particle size 
of 21 μm and TiO2 powder with average size of 36 nm either in air or vacuum.  Then 
the precompacted mixtures with 5 or 10% of TiO2 by volume were imposed by SPTS 
process in air. Two of the most significant processing parameters, temperature and 
pressue, which affect the material density during the precompaction and SPTS, were 
varied and studied. The temperature range at which Ti powder was precompacted was 
chosen from 300 °C to 550°C and the range of precompacting pressure was chosen from 
0.3 to 1.5 GPa.  Results showed that higher precompacting temperatures and pressures 
lead to denser precompacts. The microhardness of the precompacts significantly 
increases with increasing density. The SPTS process refined the grain size of Ti and Ti–
TiO2 materials to about 75 nm. Mechanical tests revealed that both microhardness and 
thermal stability were enhanced by addition of nanocrystalline TiO2 particles into Ti 
matrix. 
 
2.2 Liquid State Processing 
2.2.1 Infiltration Technique[46-50] 
Infiltration process is typically preparing a porous ―preform‖ of the reinforcement 
followed by infiltration its pores with the molten metal. Liquid phase infiltration is not 
straightforward due to the difficulties with wetting the ceramic reinforcement by the 
molten metal. According to Asthana [46], two forces must be overcome to achieve a good 
bonding and dispersion of the reinforcement: capillary forces and viscous drag of fluid 
motion through preform interstices. 
56 
 
To overcome the capillary forces that lead to non-wetting, the chemistry of the system 
must be modified, or an external pressure is applied most to the metal to force the contact 
and enhance the wettability. Chemical modifications include coating the reinforcement 
(for instance with Nickel), adding special elements to the matrix(for instance adding Mg), 
or using special atmospheres and very high temperatures. It has been observed [46-48] 
that this can lead to unstable phases and limits the range of matrix alloys that can be used. 
When a mechanical force is used, this energetic barrier could be overcome without 
altering the composite chemical composition. Porosity is reduced, the structure refined 
and the interfacial bond quality improved. 
However, when the infiltration of the preform occurs readily, reactions between the 
former and the molten metal may take place and significantly degrade the properties of 
the composite [48]. For this reason, the preform is often coated to reduce the interfacial 
reactions, thus increasing the complexity and costs of the process. 
There are some disadvantages associated with the use of high pressures to combine the 
ceramic reinforcement and the matrix metal: preform fragmentation, deformation and 
unevenly reinforced castings [46]. Furthermore, pressures of the order of ten atmospheres 
(1 MPa) are needed to drive the metal into 1 μm wide pores [47]. Since in nano-
composites fabrication it is desirable to infiltrate significantly smaller pores, heavy 
equipment is necessary to withstand the high pressure. Moreover, when the reinforcement 
interface is wide, as for nanoscale composites, the interfacial energy that must be 
overcome to ensure wettability is higher, and the pressure that must be applied increases 
as a consequence. In fact, the threshold pressure, able to guarantee a complete wetting, is 
the key parameter for infiltration techniques. In addition to pressure-driven infiltration, 
vacuum-driven infiltration has also been used for some matrix-reinforcement systems. 
Since the magnitude of the negative pressure that can be achieved is limited, vacuum 
infiltration is usually coupled with the abovementioned methods of wettability 
enhancement [46]. 
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Figure 6: Schematic Representation of Rressure Driven Infiltration. 
 
 
Gierlotka et al. [51] used a toroid high-pressure high-temperature cell at pressures up to 8 
GPa and temperatures up to 2000 °C for the infiltration of a nanoporous matrix prepared 
by compacting nanopowders of high-hardness materials such as SiC and diamond. The 
preform grain size was about 10 nm. The results showed that the infiltration of SiC could 
be obtained at any pressure in the 2—8 GPa range as long as the metal melts, while 
diamond infiltration could not be achieved at any Pressure-Temperature condition. SEM 
image of the polished surface showed that distribution of the metal particles in the 
composite is very uniform both on the nano- and micro-scale. The hardness of nano-
composites increased with decrease in the SiC grain size. 
 
2.2.2 Stirring Techniques [52-58] 
Stir mixing techniques, widely used to mix micron size particles in metallic melts, have 
been recently modified for dispersing small volume percentages of nano-sized 
reinforcement particles in metallic matrices. Their main advantage is the capability over 
other processes in rapidly and inexpensively producing large and complex near-net shape 
components, but there are difficulties in mixing nano-sized particles in metallic melts that 
can‘t be overcome with the traditional stirring methods. 
Agglomerates of particles are usually observed in the solidified microstructure. This is 
due to the increase of surface area caused by the reduction of particle size, which raise 
the difficulty of particle introduction and homogeneous dispersion through the melt. The 
poor wetting between reinforcement material and the metal matrix presents a barrier to 
the incorporation of the dispersoid phase into the melt. The immersion of solids into 
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liquids requires substitution of a solid-gas interface by an equivalent solid-liquid interface, 
and can lead to absorption or generation of energy [52,53]. The energetic of solid 
immersion into liquids are determined by the energy associated with the solid-gas 
interface, liquid gas interface and solid-liquid interface. 
By definition, the surface energy ɣ is ―the energy required to create a unit area of new 
surface‖, and represents the extra energy possessed by the surface atoms due to the 
decrease in bond length between the surface atoms and interior atoms [16,52,53]. When a 
particle is split into two smaller particles, the number of broken bonds contributes to the 
surface energy of each of the two particles according to the expression [52]: 
 
ɣ = 0.5N ε A  
where N is the number of the broken bonds, ε is half of the bond strength and A

the 
number of atoms per unit area on the new surface. 
 
Particle Size (cm) Total Surface Area (cm2) Surface Energy (J/g) 
0.1 28 5.6 ×10-4 
0.01 280 5.6 ×10-3 
0.001 2.8  ×103 5.6 ×10-2 
10-4 (1 μm) 2.8  ×104 0.56 
10-7 (1 nm) 2.8  ×107 560 
Table 1: Variation of surface energy with particle size(1 g of sodium chloride)[53]. 
Changes in the size range from micron scale to nanometer, lead to great changes in 
physical and chemical properties of the material. In Table 1 it is shown the scatter of 
seven order of magnitude in the surface energy when the nanometer scale is reached. The 
massive increase in surface energy makes particle wetting from the melt more difficult, as 
the surface energy of the system itself is increased [52]. 
Several attempts have been made to overcome the agglomeration of particles. Li. et  al. 
[54-57] fabricated Al and Mg based nanocomposites using ultrasonic cavitation. In the 
ultrasonic cavitation-based solidification process, transient micro ―hot spot‖ with the 
temperature of about 5,000 K and pressure above 1,000 atm can be formed by ultrasonic 
cavitation. The strong heating and cooling rates during the formation process is 
composed of ―hot spots‖ that can break nanoparticles cluster and clean the particle 
surface. The schematic of ultrasonic cavitations-based solidification processing is shown 
in Figure 6. In the ultrasonic cavitation-based solidification processing, nanoparticles are 
placed on the surface of molten metal. Then the ultrasonic vibration is executed on the 
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molten metals for a specified period of time until all the particles are distributed in the 
liquid metal. 
 
 
Figure 7: Schematic of experimental setup of ultrasonic method. 
 
Yang et al.[57] fabricated bulk Al-based nanocomposites with nano-sized SiC by 
ultrasonic cavitation-based casting method. It is shown that the nano-sized SiC particles 
are dispersed well in the matrix and the yield strength of A356 alloy was improved more 
than 50% with only 2.0 wt.% of nano-sized SiC particles. Partial oxidation of SiC 
nanopartilces resulted in the formation of SiO2 in the matrix. The study suggests that 
strong ultrasonic nonlinear effects could efficiently disperse nanoparticles (less than 100 
nm) into alloy melts while possibly enhancing their wettability, thus making the 
production of as-cast high performance lightweight MMNCs feasible.  
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Figure 8: Tensile stress, yield stress and elongations vs. different wt.%.[57]. 
Even though the ultrasonic cavitation process has been proven to be effective, it is 
difficult to utilize this technology for industrial application in that the volume of castings 
are limited to the power of the ultrasonic source. Moreover, the action between the 
particles and molten metal in the ultrasonic process need to be investigated and analyzed. 
Electromagnetic stirring, also called induction stirring/heating, has been proved to be 
effective in modifying solidification process of metal and alloys. In induction heating, a 
group of solenoid is placed around the crucible. Alternating current is applied in the 
solenoid, generating inductive magnetic field in the metal. The workpiece is electric 
conductive, so the alternating magnetic field will produce an inductive electric field in the 
workpiece. According to Faraday‘s Law and Right-hand Rule, when alternating current 
passes through coils surrounding the molten metal, the current will produce an 
electromagnetic force field. The molten metal will flow under the action of 
electromagnetic force as conductor. The electromagnetic force is considered as volume 
force, called Lorentz Force. 
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Figure 9: The Right-hand Rule of Electromagnetic Force. 
The main influences of electromagnetic stirring on the solidification of metal lie in the 
refining internal structures, reducing porosity and segregation, and minimizing internal 
cracks[40]. Moreover, since there is no direct contact between the stirrer and the molten 
alloy, electromagnetic stirring not only reduces the porosity but also decrease 
contamination in the composites. 
In the past few decades, many efforts have been taken in fabricating metal composites 
using electromagnetic stirring. Gui et al. [58] produced SiC reinforced A 356 composites 
using liquid and semisolid double stirring. The average particle size was 10 – 15 μm. 
With an addition of 15 vol % of SiC, the tensile strength and yield strength were 
improved by 15 % and 40 %, respectively. 
 
2.2.3 Droplet Consolidation Techniques [59-61] 
Droplet consolidation techniques encompass a broad spectrum of technologies from rapid 
solidification to spray deposition. Droplet consolidation could be defined as a ‗rapid‘ 
quenching from the liquid state [59]. This process is featured with high cooling rate, 
which is usually greater than 1 mm s-1. The time of contact at high temperature is usually 
limited to milliseconds followed by rapid quenching to room temperature. Due to the 
high cooling rate during this process, segregation of phase could be reduced which may 
result in better matrix properties or in some case can improve the quality of the bond at 
the matrix-reinforcement interfaces [59]. This technique will also enhance the dispersion 
hardening by substantially reducing the size scale of the reinforcing phase and modifying 
their distribution in the matrix [60].  
Droplet consolidation techniques could be classified into 3 categories: 
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(1) Spray methods that involve fragmentation or atomization of a melt stream into 
droplets. 
(2) Casting of a melt stream (chill methods usually, but not always, involving 
stabilization rather than fragmentation of a melt stream). 
(3) In-situ melting and rapid solidification that takes place at the surface of the heat sink, 
which can be the same materials as that being rapidly solidified. 
 
Tong et al. [60] conducted an experiment to compare the effects of traditional ingot 
metallurgy, rapid solidification and chill-block melt spinning. In the experiment, the 
particles were created by in-situ reactions. The results show that Al-TiC composites 
exhibit the agglomeration of TiC in ingot metallurgy methods, while the rapidly 
solidified microstructures formed under certain thermal history conditions consist if a 
uniform dispersion of TiC phase particles with nanoscale size. 
The spray process is generally automated and fast. In spray process, droplets of molten 
metal and reinforcing phase are sprayed together and collected on a substrate where metal 
solidification is completed [62]. Alternatively, the reinforcement may be placed on the 
substrate, and molten metal may be sprayed onto it. Inert gas is also involved in this 
process to atomize the molten metal into the droplets.  
The spray process is very difficult to control since that too many variables are involved, 
as shown in figure 10. Moreover, residual porosity is observed in the material, as shown 
in figure 11. The porosity is mainly due to the tendency of the particle to stay at the 
stream boundaries, giving rise to a inhomogeneous dispersion in the final piece [63]. In 
addition, the equipment costs are very high and large amounts of waste powder, which 
must be collected and dispersed, are produced [64]. 
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Figure 10: schematic representation of Spray Deposition. 
 
 
Figure 11: schematic of the variables involved in spray deposition process [65]. 
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Figure 12:  Porosity in an aluminum matrix composite via spray deposition [66]. 
 
2.2.4 In-situ Techniques 
In-situ techniques refer to a series of fabrication routes in which the reinforcing phase is 
formed in the matrix. Chemical reaction is always involved in in-situ techniques. 
Compared with ex-situ techniques in which second phase is manually introduced into the 
primary phase, the reinforcements formed in-situ are thermodynamically stable at the 
matrix, leading to less degradation in elevated-temperature. Besides, the reinforcement-
matrix interfaces are clean, resulting in a strong interfacial bonding. Moreover, the in-situ 
formed reinforcing particles are finer in size and their distribution in the matrix is more 
uniform, yielding better mechanical properties [67]. 
Because of the great potential that in situ techniques provide for widespread applications, 
a variety of processing techniques have been developed for production during the past 
decade. Using these routes, a wide range of matrix materials (including aluminum, 
titanium, copper, nickel and iron) and second-phase particles (including borides, carbides, 
nitrides, oxides and their mixtures) have been produced [47].  
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In-situ processes can be classified into two major categories according to the physics of 
the process itself and the starting phases [59] (Figure 16): 
 ―Reactive‖ in situ processing: the reinforcement is synthesized directly within the 
metallic matrix during processing. They further can be divided into gas-liquid, 
liquid-liquid, solid-liquid reactions. 
 
 ―Morphological‖ in situ processing: a favorable composite architecture evolves as 
a consequence of processing. Deformation processes and directional solidification 
of eutectics alloy belong to this category.  
 
 
 
 
Figure 13:  schematic of in-situ manufacturing routes [59]. 
 
 
Zheng and Reddy [37] fabricated AIN particle reinforced Al composites using gas 
bubbling method.  They put pure aluminum in alumina crucible and melt it, then merged 
gas bubbling tube into the melt near the bottom of the reactor in the bubbling process. N2 
gas, as the reactant, and argon gas to maintain inert atmosphere, were passed through the 
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gas tube. The bubbling temperature was kept between 1173—1573 K. The following 
reaction took place in the experiment, forming AIN reinforcement. 
2
1
2
Al N AlN 
 
 
 
 
SEM analysis was introduced to examine the microstructure of the composites. Results 
show that AIN particles formed in situ are small in size and are enriched in the top part of 
the product. (figure 14) 
 
 
Figure 14: SEM secondary electron image of the boundary region between the top AlN-
Al composite and bottom Al in the product formed by bubbling deoxidized N2 gas[68]. 
Tu et al.[69] fabricated TiB2 in the melting Cu matrix by the reaction: 
2 3 23 3Ti B O C TiB CO     
They melt Cu-TI alloy by induction heating to the temperature between 1400 and 1500C, 
and then the mixture of B2O3 powder and carbon powder was introduced into the melt 
by Ar gas. The mixture was agitated by a propeller for an appropriate length of time 
before rapidly solidified. The particulates are uniformly distributed and tensile strength 
and hardness of the in situ Cu–TiB composites were significantly improved. 
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2.3 Fabrication Barriers of Nano-Composites 
As discussed above, different types of methods have been used to fabricate MMNCs. 
Other than classifying the processing routes based on the state in which the composites 
are fabricated, the processing routes could also be classified into ex-situ methods and in-
situ methods based on the source of particles. 
Ex-situ methods, which include powder metallurgy, stirring techniques, pressure 
infiltration and spray deposition, are usually more cost-efficient. However, the particles 
are easy to agglomerate and hard to be dispersed. Reinforcements created in-situ are 
usually fine and well distributed, however, in-situ reinforcement have less opportunity 
than ex-situ ones for complex reactions involved in the in-situ fabrication routes [15]. 
Fabrication of MMNCs are much more complex compared to fabrication of MMCs. 
When the particle size scales down from the micro to the nano level, the major challenges 
are [15]: 
1. The reaction process between the bonding interfaces is still unclear. Reaction 
effect will lead to the failure of MMNCs. 
 
2. Agglomeration and clustering in bulk materials can still be observed. The 
dispersion during processing needs to be optimized. 
 
3. Cost effectiveness is another factor that hinders the fabrication of 
nanocomposites. With the development of nanotechnology, the prices of 
nanofabrication should be reduced. 
 
4. Currently, low volume and rates are observed. A transition to high volume and 
high rate fabrication is pivotal to applying the technology to real industry 
fabrication. 
 
5. Different processes have been applied, however modeling of these processes 
are needed. 
 
3. Conclusions 
Metal matrix composites reinforced with ceramic nanoparticles, termed metal matrix 
nanocomposites, can overcome the disadvantages of conventional metal matrix 
composites, such as poor ductility and low fracture toughness. The properties of MMNCs 
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could be significantly improved with a small amount of nanoparticles. There are 
numerous possible applications of these materials, market fields ranging from aerospace 
engineering to military industries. 
In this paper, different kinds of fabrication routes for metal matrix nanocomposites are 
reviewed.  
The processing routes for MMNCs could be divided into ex-situ methods and in-situ 
methods. Ex-situ methods are usually economically efficient but the particles tend to 
agglomerate due to the poor wettability between the matrix and reinforcement. The 
reinforcements generated in-situ are usually fine and uniformly distributed, however, they 
are not cost-effective and have less opportunities than ex-situ reinforcements for complex 
reactions involved.  
Besides the need for a cost-effective and energy-efficient route for fabrication MMNCs, 
other  issues, such as understanding of the strengthening mechanism and bonding 
interface reaction, also require to be solved. 
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